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Abstract 
 
The author has been involved in the problems occurring in the manufacture of ferritic-austenitic cast steel castings for many years. The 
author’s remarks and investigation results reported in this article will enable potential manufacturers to determine their own technical 
capabilities and structural determinants related to the chemical composition of material, which are crucial to the good quality of a casting. 
Particular emphasis should be laid on the role of enhanced carbon content, the presence of copper, the precipitates of the ζ phase, and the 
nature of solidification structure in the tendency of duplex-type cast steel to cracking. It seems that in view of the pro-ecological activities 
undertaken, including flue gas desulphurization in coal-fired power plants, efforts should be made in steel foundries to introduce selected 
grades of ferritic-austenitic cast steel to production.  
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1.  Introduction 
 
According to the applicable standards PN-EN 10088-1:1998 
and PN-EN 10283:2002, corrosion-resisting steels and cast steels 
include, respectively, 83 and 27 grades with diverse structure and 
properties.  Depending  on  chemical  composition,  there  is  
a  possibility  of  obtaining  a  ferritic,  austenitic,  martensitic,  or 
ferritic-austenitic structure.  The  Polish  industry  has  never  been  
a significant producer of corrosion-resisting steels and cast steels, 
however,  the  collapse  of  part  of  the  plants  and  the  ownership 
transformations have led to a situation, where 98% of products 
come from imports. At the same time, the growth of the world’s 
annual  demand  for  corrosion-resisting  steels  has  stabilized  
at a level of 5%, which makes these steels the most dynamically 
developing  group of  iron  alloys.  The  domestic consumption  of 
about 4.5 kg per capita is a figure more than 4 times smaller than 
that of Germany – a country with a climate similar to Poland’s. 
The value of this market in Poland, amounting to 1.350 billion 
zlotys in 2009, is small, too. There are also some determinants, 
chiefly  of  a  technological  nature,  which  prevent  problems 
occurring in the production of steel and cast steel castings from 
being  too  easily  transferred  or  joined.  Due  to  the  publication 
requirements, the author will limit his discussion to the problems 
concerning  ferritic-austenitic  cast  steels,  which  are  commonly 
called duplex cast steels. Combining the properties of the ferritic 
and austenitic structure in a single grade has made it possible to 
obtain properties considerably surpassing those characteristic of 
single-phase steels. In the world, duplex cast steel castings are 
used in the extractive industry – mainly in the exploitation of oil 
and gas deposits, in the chemical, food, shipbuilding and power 
industries, and many other areas [1￷6].  
In Poland, the largest purchaser of duplex cast steel casings is 
the  power  industry  which  uses  them  in  wet  flue  gas 
desulphurization  installations  –  currently  the  most  effective 
system,  whose  product  is  high-quality  gypsum.  A  medium 
temperature reaching 70 C, the environment of liquid solutions 
with a pH of up to 4, and a fine particulate fraction of up to 20%, 
all cause intensive erosive-corrosive wear (Fig. 1). Many years’ 
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operational life of parts made of ferritic-austenitic cast steel to be 
definitely longer compared to other corrosion-resisting cast steels.  
[7, 8].  
 
 
Fig. 1. A fragment of the surface of a wet flue gas 
desulphurization system pump rotor blade 
 
 
2.  Analysis of the test material 
 
Table 1 summarizes the most typical grades of duplex cast 
steels,  including  those  covered  by  the  PN-EN  10283:2002 
standard.  
Conspicuous is the very low carbon content, often not exceeding 
0.03%,  and  the  presence  of  copper  in  many  grades.  Figure  2 
shows  carbon-chromium  equilibrium  curves  for  selected 
temperatures and CO pressures. It can be seen from the shape of 
the curves that with decreasing carbon content of the bath, the 
equilibrium Cr content decreases, with the Cr excess above the 
equilibrium  content  being  intensively  oxidized.  Of  course,  the 
solution to the problem is to reduce the CO partial pressure in the 
furnace  working  space  or  to  use  the  costly  low-carbon 
ferrochromium,  the  use  of  which  will  considerably  limit  the 
carbon burnout stage.  
 
 
Fig. 2. Carbon-chromium equilibrium curves for selected 
temperatures and CO pressures [9] 
 
Table 1. 
Chemical composition of corrosion-resisting duplex cast steels [7] 
Grades  Elements, mass %  
Material  Number/mar
k  Cmax  Cr  Ni  Mo  Cu  N 
PN-EN 10283:1998 
GX6CrNiN26-7  1.4347  0.08  25.0￷27.0  5.5￷7.5  ---  ---  0.10￷0.20 
GX2CrNiMoN22-5-3  1.4470  0.03  21.0￷23.0  4.5￷6.5  2.5￷3.5  ---  0.12￷0.20 
GX2CrNiMoN25-6-3  1.4468  0.03  24,5￷26.5  5.5￷7.0  2.5￷3.5  ---  0.12￷0.25 
GX2CrNiMoCuN25-6-
3-3  1.4517  0.03  24.5￷26.5  5.0￷7.0  2.5￷3.5  2.75￷3.50  0.12￷0.22 
GX2CrNiMoN25-7-3  1.4417  0.03  24.0￷26.0  6.0￷8.5  3.0￷4.0  max 1.00  0.15￷0.25 
GX2CrNiMoN26-7-4  1.4469  0.03  25.0￷27.0  6.0￷8.0  3.0￷5.0  max 1.30  0.12￷0.22 
Industrials marks 
ATI Allegheny Ludlum  Al 2003
TM  0.03  19.5-22.5  3.0-4.0  1.5-2.0  -  0.14-0.20,+ 2% Mn 
Outokumpu  SAF 2507  0.025  24.5-25.5  6.5-7.5  3.5-4.5  ---  0.24-0.32 
Sulzer Finland Oy  AVESTA 
654 SMO  0.03  23.0 ￷25,0  21.0￷23.0  7.1￷7.5  0.3￷0.7  0.45￷0.55 
KSB  Noridur  0.04  23.0￷26.0  5.0￷8.0  2.0￷3.0  2.75￷3.5  0.1￷0.2 
Sandvik  SAF 2205  0.03  22.0  5.5  3.0  ---  --- 
Mather&Platt  Zeron 25  0.03  25.0  6.0  2.5  0.5  0.15 
Sumitomo  DP12  0.03  25.0  7.0  2.7  0.5  0.14 
Creusot-Loire  Uranus 
45N  0.03  22.0  5.5  3.0  ---  --- 
Cogne Acciai Speciali  329A  0.03  21.0-23.0  4.5-6.5  2.5-3.5  ---  0.10-0.20 
Outokumpu  SAF 2507  0.025  24.5-25.5  6.5-7.5  3.5-4.5  ---  0.24-0.32 
YOKOTA   YST1305  0.05  25￷28  6￷8  2￷4  ---  --- 
JIS  SCS11  0.08  23￷27  4￷7  1.5￷2.5  ---  0.08￷0.3 
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While, thanks to the argon-oxygen decarburization processes or 
other  secondary  metallurgy  treatment,  obtaining  a  low  carbon 
content  of  steel  does  not  currently  pose  any  problem,  in  the 
majority of domestic foundries that have no secondary metallurgy 
equipment available (with the exception of one plant) and are not 
in a position to use corrosion-resisting steel scrap as the charge 
material,  attaining  the  carbon  content  at  a  level  of  0.03%  is 
practically impossible.  
Its should be emphasized that with small several- or a dozen 
or so-ton melts secondary metallurgy treatment is very difficult in 
terms of technology and economics. Within the studies conducted 
by the author’s team, grades 1.4468 and 1.4517 were successfully 
obtained  under  industrial  conditions  in  a  150  kg  induction 
furnace,  but  the  heats  were  produced  from  very  pure  charge 
materials (ingot iron, metallic chromium and manganese).  
As shown in Table 1, three out of the six grades covered by the 
PN-EN  standard  contain  copper  that  makes  it  possible  to  take 
advantage  of  the  precipitation  strengthening  mechanism 
associated with the presence of the ε-Cu phase [10, 11]. Grades 
with copper, which are preferred especially in the power industry, 
in  the  author's  view  make  difficulties  disproportionate  to  the 
gains, being both of a technological and a logistic-organizational 
nature. With the normally unit production of castings of a weight 
from  several  hundred  kilograms  to  several  tons,  scrap  is 
generated,  which  contains  a  significant  amount  of  copper  that 
cannot  be  removed  (refined  out)  in  the  metallurgical  process, 
which compels the plant to select and store its own scrap which is 
very  expensive.  The  presence  of  the  austenite-forming  copper 
strongly affects the solidification process, reduces the ZDT (Zero 
Ductility  Temperature)  and  extends  the  temperature  region  of 
solidification which determines the tendency to hot cracking. The 
rich in alloying elements duplex cast steel contains as many as 5 
elements of a similar behaviour (C, Ni, Mn, Cu, N), which causes 
the  peritectic  reaction  likely  to  occur  as  a  result  of  a  strong 
microsegregation  during  solidification,  especially  in  bulky 
castings,  and  the  presence  of  which  theoretically  precludes the 
selection  of  chemical  composition  of  ferritic-austenitic  steels. 
These problems are extensively covered in publications [12￷14]. 
In steels containing Cr, as well as Mo, there is a possibility of 
precipitation of numerous intermetallic phases, in particular the ζ 
phase, whose types and temperature ranges of precipitation are 
shown in Figure 3.  
 
Fig. 3. Temperatures of phases precipitation in duplex steels 
According  to  the  author’s  studies,  the  copper  content 
enhanced to approx. 3% increases also the cast steel shrinkage by 
approx. 60%, which will require a change in the feed technology, 
and especially the size and arrangement of riser heads in bulky, 
slow-solidifying castings. Figure 4 shows a cracked sleeve casting 
made of a duplex-type cast steel (with a carbon content of 0.09%). 
 
 
 
Fig. 4. Cracks in a casting of ferritic-austenitic cast steel  
of the following composition [mass %]: C-0.12, Cr-25, Ni-6.95, 
Mo-2.56 Cu-2.85 
 
The  cracks  have  occurred  symmetrically  below  the  riser 
heads, and the presence of large quantities of carbides, the ζ phase 
and oxides in the cracked regions suggests that the hot cracking 
might  have  been  induced  both during  solidification  and during 
cooling following the solidification process (Fig. 5).  
 
 
 
Fig. 5. Microstructure of the sleeve; ζ phase precipitates  
and Cr23C6 carbides are visible 
 
Under  the  massive  riser  heads,  cooling  was  considerably 
slower than in the remaining casting regions, which promoted the 
precipitation of a large amount of the ζ phase in the temperature 
range of 1000 – 600°C. This phase generates very large tensile 
stresses which, according to our investigation, exceed 2GPa. The 
results of the state of stress by the sin
2ψ method indicated the 
presence of very large compressive stresses, both in the austenite 
and in the ferrite. The existence of the much higher stresses in the 
ferrite can be partially explained by the higher yield point of this A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   1 1 ,   I s s u e   3 / 2 0 1 1 ,   4 7 - 50  50 
phase  and  the  more  complex  slip  system  resulting  from  the 
regular space-centred crystal lattice.  
It should be emphasized that, in the light of the studies conducted 
by the author’s team, the efficacy of the ageing treatment and its 
influence on the erosion-corrosion properties is very low, which 
calls the sense of using the additive of copper in massive castings 
into question. Its positive influence, on the other hand, is that it 
increases the castability of the cast steel, which made it possible 
to obtain thin-walled castings of very good quality and with an 
exceptionally fine-grained microstructure [15]. 
 
 
3.  Conclusion 
 
Containing  a  number  of  ferrite-  and  austenite-forming 
elements,  the  duplex  cast  steel,  in  addition  to  its  interesting 
service properties, poses also several problems of an engineering 
nature.  The  question  about  so  dramatic  reduction  of  carbon 
content should be raised. According to the studies by Dairon et 
al.,  increasing  the  carbon  content  results  in  a  reduction  of 
corrosion wear resistance, with comparable strength parameters. 
Our  studies  show  that  the  very  low  carbon  content  is  not 
necessary in cast steel without copper, all the more so because the 
requirements  of  many  corporate  standards  permit  grades  with  
a higher content of this element, and a carbon content of up to 
0.08% only negligibly increases the tendency to cracking. Taking 
this fact into account would allow the production of duplex cast 
steel  castings  to  undertaken  in  foundries  that  do  not  have 
equipment for secondary metallurgy treatment available.  
In ferritically solidifying duplex cast steel, a tendency to the 
formation of a coarse-grained structure occurs. The partial solid 
state transformation of the ferrite δ into austenite contributes to 
structure  refinement,  however,  the  boundaries  of  the  primary 
grain are retained and have a strong influence on the tendency to 
cracking,  especially  "hot"  cracking.  In  massive  castings  of 
variable  cross-sections,  in  which  a  strong  shrinkage  inhibition 
occurs, the precipitation of the ζ phase should be prevented, since 
the large tensile stresses accompanying those precipitates increase 
the  tendency  to  cracking.  To  increase  the  rate  of  cooling  after 
solidification,  it  seems  purposeful  to  knock  out  castings 
beforehand,  or  at  least  to  uncover  the  mould.  To  avoid  an 
excessively large grain after solidification, it is necessary to keep 
a low pouring temperature, which should not exceed the liquidus 
temperature by more than approx. 50 C. Grain refinement is also 
promoted  by  using  modifiers  that  create  solidification  nuclei 
or/and change the surface tension of the alloy (e.g. addition of a 
small quantity of boron).  
The condition of obtaining a good duplex cast steel casting is 
to smelt a steel of high metallurgical purity and to properly carry 
out the deoxidation process. In the case of high-quality steel, the 
oxygen content should not exceed 40 ppm. In the cast steel of the 
casting in Fig. 4, 96 ppm of oxygen and, at the same, sulphur and 
phosphorus contents of 0.015% and 0.019%, respectively, were 
found, which confirms a high quality of the cast steel.  
Another issue is the exceptional instability of the prices of 
basic alloying elements, such as Ni and Mo, which are very high 
and treated speculatively, with the price fluctuations in the years 
2007-2008 being as high as 300-600%. The current price of Ni at 
a level of $27,000 per ton and that of Mo at $28,000 per ton can 
be  regarded  as  the  average  of  last  several  years,  and  being 
reasonably stable over a longer period of time. 
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